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(c) With floating plug
(b) With plug
(d) With mandrel





















































































𝜎 = 𝐹(𝜀𝑝 + 𝜀0)






Table 2.2.1 Mechanical property of material 
Material A1070 
0.2% proof stress 89.9 MPa 
Young's modulus 68.3 GPa 
Hardening exponent n 0.0348 
Strength coefficient F / MPa 110 





























Fig. 2.2.2 Drawing 
 
Table 2.2.2 2D Analysis condition 
Die 
Type Rigid 
Die hole diameter dd /mm 30 
Die half angle 𝜃 /°. 15 
Bearing length lb /mm 4 
Plug 
Condition Rigid 
Plug diameter dp /mm 24 
Tube 
Type Plastic 
Material of tube A1070 
Tube outer diameter dt /mm 31.5 
Tube thickness t0 /mm 3.2 
Length of tube lt /mm 50 
Initial thickness variation 
Δt0 = t0 max - t0 min /mm 
0 
(Initial thickness variation rate ε0) (0) 



















































Fig. 2.3.2は上記の (a) と (b) の解析結果である．解析結果は， (a) と (b) のそれぞれの分
割方法において，最も良好な結果が得られた分割条件の結果である． (a) の場合，Fig. 2.3.1
における Nt = 7 ，等間隔分割の条件と比較して，大きな違いは無かった．対して (b) の場
合，Nt = 7 ，等間隔分割の条件でわずかに発生していたむらが無くなり，さらに残留応力
分布が一様となる，より精度の高い解析結果を得ることができた．以上から，本研究の解
析条件における本モデルの半径方向には，要素数Nt = 7，外表面側が細かくなるように隣接
する要素長さ比 t i：t i+1 ＝1 : 0.93になるように分割した． 
  






Fig. 2.3.1 Influence of radial mesh division number on axial residual stress 
distribution (element size in axial direction is 2 mm per division) 
  
Axial residual stress σz / MPa
65
-130
(1) Nt = 4
(2) Nt = 5
(3) Nt = 6
(4) Nt = 7
(6) Nt = 12
(5) Nt = 8












Fig. 2.3.2 Influence of radial element-size allocation on axial residual stress 
distribution (radial mesh division number Nt = 7, element size in axial direction is 2 
mm per division) 
  








































Fig. 2.3.3 Difference of residual stress distribution in axial  
by number of axial mesh  
Axial residual stress σz / MPa
65
-130
Length of element in axial direction
⊿L /div. = 0.67 mm/div.
⊿L /div. = 0.57 mm/div.
⊿L /div. = 0.50 mm/div.
⊿L /div. = 0.44 mm/div.



















Table 2.4.1 Analysis condition of 3D model 
Die 
Type Rigid 
Die hole diameter dd /mm 30 
Die half angle 𝜃 /° 15 
Bearing length lb /mm 4 
Plug 
Type Rigid 
Plug diameter dp /mm 24 
Tube 
Type Plastic 
Material of tube A1070 
Tube outer diameter dt /mm 31.5 
Tube thickness t0 /mm 3.2 
Length of tube lt /mm 50 
Initial thickness variation 
t0 = t0 max - t0 min /mm 
0 
(Initial thickness variation rate ε0) (0) 
Division 
Axial 0.5 mm/div. 
Radial 7 div. (progressive) 
Hoop 15 ° /div. 
Coefficient of friction μ 0.07 


















































































































(a) Same hoop division             (b) Another hoop division 




























































Table 3.1.1 Analysis condition in 3D model 
Die 
Type Rigid 
Die hole diameter dd /mm 30 
Bearing length lb /mm 4 
Plug 
Type Elastic 
Plug diameter dp /mm 24.4 
Tube 
Type Plastic 
Material of tube A1070 
Length of tube lt /mm 170 




Axial 0.5 mm/div. 
Radial 7 div. (progressive) 
Hoop 15 °/div. 
Coefficient of friction μ 0.07 
  













厚分布を，Fig. 3.2.2に厚肉側の長手方向肉厚分布をそれぞれ示す．横軸の laは，Fig. 3.1.5
に示した円管の長手方向距離である．薄肉側と厚肉側の両方で，管の先端部分 (0mm ≦ la 
≦ 10mm) と，管の末端部分 (150mm ≦ la ≦ 160mm) で大きく肉厚が変化している．こ
れは，加工開始直後と加工終了時で加工が安定していないためである．対して，50mm < la 
< 130mmでは肉厚の変化は小さく，一定となっている．この肉厚変化の小さい加工域を加
工が定常状態で行われている，定常域とした．成形品の測定は定常域の中心位置である，
90mm < la < 100mmの区間における，測定結果の平均を用いた．Table 3.2.2に肉厚の測定結






Table 3.2.1 Analysis condition drawing without plug 
Die Die half angle 𝜃 /° 6 ～ 15 
Tube 
Tube outer diameter dt /mm 31.5 
Tube thickness on average t0ave /mm 3.2 
Initial thickness variation 
t0=t0max-t0min /mm 
0.2 
































Position from boundary 














































Position from boundary 




































Die half angle 
q/°






Table 3.2.2 Thickness of drawn tube without plug 
Die half angle 
q /° 
Thickness on thinnest side 
t min /mm 
Thickness on thickest side 
t max /mm 






7 3.1434 3.3336 
8 3.1356 3.3254 
9 3.1272 3.3154 
10 3.1165 3.3026 
12 3.0895 3.2707 





Table 3.2.3 Eccentricity of drawn tube without plug 
Die half angle 
q /° 
Thickness variation 
t- t max - t min /mm 
Thickness on thickest side 
E 






7 0.1902 0.0587 
8 0.1899 0.0588 
9 0.1883 0.0585 
10 0.1862 0.0580 
12 0.1811 0.0570 























6 9 12 15

































6 9 12 15































Initial thicksness variation rate
























Table 3.2.4 Analysis condition drawing with plug 
Die Die half angle 𝜃 /° 4.5 ～ 10 
Tube 
Tube outer diameter dt /mm 31.5 
Tube thickness on average t0 /mm 3.2 
Initial thickness variation 
t0=t0max-t0min /mm 
0.2 











Fig. 3.2.5 Thickness distribution of drawn tube with plug on thinnest side 




Fig. 3.2.6 Thickness distribution of drawn tube with plug on thickest side 








Position from boundary 












































Position from boundary 




































Die half angle 
q/°






Fig. 3.2.7 Thickness variation of drawn tube with plug 




Fig. 3.2.8 Thickness variation rate of drawn tube with plug 








Position from boundary 






































Position from boundary 






























Initial thickness variation rate
Die half angle 
q/°
Tube headTube tail











ている．いずれのダイス半角においても，円管の先端部 0mm ≦la≦ 50mmには偏肉，偏
肉率が減少する傾向を示し，dt =31.5mmの結果同様に，ダイス半角の減少にともない偏
肉，偏肉率がより減少する．いずれの条件においても加工が始まった後に偏肉率が減少
し，初期偏肉率よりも減少する．Fig. 3.2.13に dt =31.5，33それぞれの条件における偏肉
率を示す．初期外径が大きいほど，成形品の偏肉率はより減少する． 
 
Table 3.2.4 Analysis condition drawing with plug 
Die Die half angle 𝜃 /° 5 ～ 10 
Tube 
Tube outer diameter dt /mm 33 
Tube thickness on average t0 /mm 3.2 
Initial thickness variation 
t0=t0max-t0min /mm 
0.2 
(Initial thickness variation rate E0) (0.0625) 
 
 
Fig. 3.2.9 Thickness distribution of drawn tube with plug on thinnest side  






Position from boundary 



































Die half angle 
q/°






Fig. 3.2.10 Thickness distribution of drawn tube with plug on thickest side 














Position from boundary 















































Position from boundary 































Die half angle 
q/°





Fig. 3.2.12 Thickness variation rate of drawn tube with plug  
(dt =33mm, t0ave=3.2mm) 
 
 
 Tube diameter dt /mm 
31.5 33 





Fig. 3.2.13 Thickness variation rate of drawn tube with plug  








Position from boundary 






























Initial thickness variation rate
Tube headTube tail











Position from boundary 






























Initial thickness variation rate
dt=31.5    dt=33







Die half angle q /deg.
Tube headTube tail














Table 3.2.5 Analysis condition drawing with plug 
Die Die half angle 𝜃 /° 5 
Tube 
Tube outer diameter dt /mm 31.5 
Tube thickness on average t0ave /mm 2.9 ～ 3.2 
Initial thickness variation 
t0=t0max-t0min /mm 
0.2 
(Initial thickness variation rate E0) (0.0625 ～ 0.690) 
 
 
Table 3.2.6 Initial thickness variation rate of tube 
Tube thickness on average 
t0ave /mm 
Initial thickness variation 
t0=t0max-t0min /mm 
Initial thickness 















Fig. 3.2.14 Thickness distribution of drawn tube with plug on thinnest side  




Fig. 3.2.15 Thickness distribution of drawn tube with plug on thickest side  












Position from boundary 

















































Position from boundary 

































































Position from boundary 











































Position from boundary 








































































本章では，Fig. 4.1.1 に示す各点の応力と y軸方向座標(肉厚方向座標)を用いて，長手方
向位置に対する応力を，応力の平均値として以下の 4.1 式を用いて示した．また，長手方
向位置を示すために，4.2式に示す各節点における長手方向座標 znの平均値 zを用いた． 
 
𝜎 = ∑ {





          (4.1) 
 
























Point n=(yn, zn , sn)








向距離 laにおける，la＝99mmが lp＝0mmとなる位置の加工中における，加工中の肉厚 tdと
偏肉td，偏肉率Edを，Fig. 4.2.1に示すダイステーパ部とベアリング部の境界からの長手方
向距離 lpを用いて，Fig. 4.2.2～Fig. 4.2.5に示す．いずれのダイス半角においても薄肉側，
厚肉側ともに，15mm ≧lp≧ 3mmの区間で肉厚は増加し，それにともない偏肉，偏肉率は
減少する．また，3mm ≧lp≧ 0mmの区間でダイス半角が大きいほどに肉厚は大きく減少
し，偏肉や偏肉率も同様に減少する．＝ 6°の条件では，3mm ≧lp≧ 0mm の区間での
肉厚や偏肉，偏肉率の変化は非常に小さい．したがって，ダイス半角が小さい場合には
15mm ≧lp≧ 3mmの区間における肉厚の増加の影響のみで，偏肉率がわずかに減少する．
























Fig. 4.2.2 Thickness distribution on thinnest side during drawing without plug 
















Position from boundary 


















































Fig. 4.2.3 Thickness distribution on thickest side during drawing without plug 





Fig. 4.2.4 Distribution of thickness variation during drawing without plug 












Position from boundary 
























































Position from boundary 












































Fig. 4.2.5 Distribution of thickness variation rate during drawing without plug 





(a) Deviaoric hoop stress (15≧lp≧-5)      (b) Deviaoric hoop stress (10≧lp≧5) 
Fig. 4.2.6 Distribution of deviaoric hoop stress during drawing without plug 











Position from boundary 











































Position from boundary 
































Position from boundary 






Position from boundary 


























Die half angle  = 4.5°







Position from boundary 

































(a) Deviaoric hoop stress (15≧lp≧-5)      (b) Deviaoric hoop stress (10≧lp≧5) 
Fig. 4.2.7 Distribution of deviaoric hoop stress during drawing without plug  








Position from boundary 

































Position from boundary 






Die half angle  = 15°







方向距離 lpを用いてFig. 4.2.8，Fig. 4.2.9に示す．薄肉側と厚肉側の肉厚で共通して，15mm 
≧lp≧ 3mm の区間で肉厚はわずかに増加，3mm ≧lp≧ 0mm の区間で肉厚は大きく減少
する傾向が得られた．Fig. 4.2.10，Fig. 4.2.11に加工中の偏肉td，偏肉率Edの変化を示す．
15mm ≧lp≧ 3mm の増肉をする区間において，偏肉と偏肉率は減少を始め，6mm ≧lp≧ 
3mm の区間では偏肉と偏肉率が条件によって増加および減少する．その後 4mm ≧lp≧ 
0mmの区間では偏肉が一定であり，加工が進むことで肉厚が減少することで，偏肉率だけ
が増加する． 
ここで，Fig. 4.2.11 の偏肉率の変化を(a)～(c)の 3 区間にわけ，それぞれの区間と加工中
の円管の状態を Fig. 4.2.12 に示し，ダイス半角= 4.5°の条件における la＝110mm が lp＝
0mm となる位置の加工中の円管にかかる周方向偏差応力の平均値と半径方向偏差応力の
平均値の長手方向分布をFig. 4.2.13に示し，Fig. 4.2.14にFEM解析上における周方向偏差




また，同じ位置におけるFig. 4.2.13 (b) の厚肉側の半径方向偏差応力は，0に近い値を示し
ており，肉厚の増加がほとんど無いことを示している．この半径方向偏差応力が大きく下










Fig. 4.2.13 (a) から，負の周方向偏差応力は厚肉側で大きく減少する．また，Fig. 4.2.13 (b) 
の半径方向偏差応力を見ると，薄肉側の方が厚肉側よりも半径方向偏差応力が大きく，厚
肉側よりも薄肉側の肉厚減少が少ないことを示している．この偏肉率の減少が始まる位置


























Fig. 4.2.8 Thickness distribution on thinnest side during drawing with plug 













Position from boundary 



















































Fig. 4.2.9 Thickness distribution on thickest side during drawing with plug 





Fig. 4.2.10 Distribution of thickness variation during drawing with plug 















Position from boundary 























































Position from boundary 













































Fig. 4.2.11 Distribution of thickness variation rate during drawing with plug 




















Position from boundary 















































(a) Deviatoric hoop stress     (b) Deviatoric radial stress 
Fig. 4.2.13 Distribution of deviatoric stress during drawing with plug 
(=4.5°, dt =31.5mm, t0ave=3.2mm) 
 
 
Fig. 4.2.14 Distribution of deviatric hoop stress on FEM model  






Position from boundary 


































Position from boundary 









































(a) Deviatoric hoop stress     (b) Deviatoric radial stress 
Fig. 4.2.15 Distribution of deviatoric stress rate during drawing with plug 






(a) Deviatoric hoop stress     (b) Deviatoric radial stress 
Fig. 4.2.16 Distribution of deviatoric stress rate during drawing with plug 












Position from boundary 





















































Position from boundary 











Position from boundary 





















































Position from boundary 
between bearing and taper parts lp /mm
(a) (c)
(b)






(a) Deviatoric hoop stress     (b) Deviatoric radial stress 
Fig. 4.2.17 Distribution of deviatoric stress rate during drawing with plug 






  (a) Small die half angle                (b) Large die half angle 










Position from boundary 





















































Position from boundary 




Large area Small area






る，la＝95～110mmが lp＝0mmとなる位置を加工中の肉厚 tdと偏肉td，偏肉率 Edの変化





Fig. 4.2.23～Fig. 4.2.25 に各条件における，la＝95～110mmが lp＝0mmとなる位置を加工
中の円管にかかる周方向偏差応力と半径方向偏差応力の平均値の長手方向分布を示し，そ
の代表例として，dt ＝33mm，=7°の条件でのFEM解析上における周方向偏差応力の分
布図をFig. 4.2.26 示す．dt ＝ 31.5mm，＝10°の条件における，偏差応力分布はFig. 4.2.16 


































Position from boundary 











































Tube outer diameter 
dt /mm 
31.5 33 















Position from boundary 
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Position from boundary 

















































Position from boundary 












































Tube outer diameter 
dt /mm 
31.5 33 















Position from boundary 
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Position from boundary 






































































Position from boundary 





































Tube outer diameter 
dt /mm 
31.5 33 















Position from boundary 
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Position from boundary 













































Tube outer diameter 
dt /mm 
31.5 33 















Position from boundary 
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Position from boundary 


















































Position from boun ary 












































    (a) Deviatoric hoop stress    (b) Deviatoric radial stress 
Fig. 4.2.23 Distribution of deviatoric stress rate during drawing with plug 




    (a) Deviatoric hoop stress    (b) Deviatoric radial stress 
Fig. 4.2.24 Distribution of deviatoric stress rate during drawing with plug 












Position from boundary 


































Position from boundary 





















































Position from boundary 






































Position from boundary 


































Position from boundary 





















































Position from boundary 









    (a) Deviatoric hoop stress    (b) Deviatoric radial stress 
Fig. 4.2.25 Distribution of deviatoric stress rate during drawing with plug 
(=10°, dt =33mm, t0ave=3.2mm) 
 
 
Fig. 4.2.26 Distribution of deviatric hoop stress on FEM model  











Position from boundary 


































Position from boundary 































Position from boundary 








































円管外径 dt ＝ 31.5mmで一定にし，初期肉厚 t0aveを変更した各条件における，la＝122mm
が lp＝0mm となる位置を加工中の肉厚変化率 の変化を薄肉側，厚肉側でそれぞれ Fig. 
4.2.27，Fig. 4.2.28に示す．各条件によって初期肉厚が異なり，肉厚変化では結果の比較が
困難なため，比較しやすいように，初期肉厚 t0と加工中の肉厚 tdを用いて，以下の 4.3式
に示す肉厚変化率 を用いて加工中の肉厚の変化を示した． 
                𝛾 =
𝑡d
𝑡0
                  (4.3) 
薄肉側と厚肉側の両側で，15mm ≧lp≧ 5mmの区間で肉厚が増加し，5mm ≧lp≧ 0mm








Fig. 4.2.31～Fig. 4.2.34に，各条件における la＝120mmが lp＝0mmとなる位置を加工中の
円管にかかる周方向と半径方向の偏差応力分布を示し，Fig. 4.2.35 に代表例として t0ave＝
2.9mm における FEM 解析上における周方向偏差応力の分布図を示す．各条件で工具との
接触位置が変化するだけとなり，大きな変化はなかった．Fig. 4.2.36 に定義するダイスの























Fig. 4.2.27 Distribution of thickness change rate on thinnest side during drawing 






Fig. 4.2.28 Distribution of thickness change rate on thickest side during drawing 















Position from boundary 






























































Position from boundary 



























































Fig. 4.2.29 Distribution of thickness variation during drawing with plug 





Fig. 4.2.30 Distribution of thickness variation rate during drawing with plug 
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Position from boundary 












































Fig. 4.2.31 Distribution of deviatoric stress rate during drawing with plug 





Fig. 4.2.32 Distribution of deviatoric stress rate during drawing with plug 
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Position from boundary 































Position from boundary 





































Position from boundary 


































Position from boundary 































Position from boundary 
































Fig. 4.2.33 Distribution of deviatoric stress rate during drawing with plug 





Fig. 4.2.34 Distribution of deviatoric stress rate during drawing with plug 
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Fig. 4.2.35 Distribution of deviatric hoop stress on FEM model  
(=5°, dt =31.5mm, t0ave=2.9mm) 
 
 
Fig. 4.2.36 Definition of distance plug center from die center at y direction 



















Fig. 4.2.37 Distance plug center from die center at y direction 
 
 













Die position from boundary 















































Fig. 4.2.40 Distribution of deviatoric stress during drawing with fixed plug 
















































Die position from boundary 









Position from boundary 


































Fig. 4.2.41 Distribution of deviatoric stress during drawing with fixed plug 
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Table 4.3.1 Analysis condition with fixed long plug (1) 
Die 
Type Rigid 
Die hole diameter dd /mm 30 
Bearing length lb /mm 4 
Plug 
Type Elastic 
Plug diameter dp /mm 24.4 
Supporting rod length lp /mm 10000 
Tube 
Type Plastic 
Material of tube A1070 
Length of tube lt /mm 170 




Axial 0.5 mm/div. 
Radial 7 div. (progressive) 
Hoop 15 °/div. 
Coefficient of friction μ 0.07 







Table 4.3.2 Analysis condition with fixed long plug (2) 
Drawing condition (A) (B) 
Die Die half angle /° 10 5 
Tube 
Tube outer diameter dt /mm 31.5 33 
Tube thickness on average t0ave /mm 2.9 3.2 






Table 4.3.3 Analysis time 
Drawing condition 
Use long and fixed plug Use not fixed plug 
(=4.5°, dt =31.5mm, t0ave=3.2mm) (A) (B) 
Analysis time ta / h 103.5 127.5 60.0 
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第 5章 結言 
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